Tumor-derived exosomes (TEXs) are emerging as a new type of cancer biomarker. TEXs are membrane-bound, virus-size vesicles of endocytic origin present in all body fluids of cancer patients. Based on the expanding albeit incomplete knowledge of their biogenesis, secretion by tumor cells and cancer cell-specific molecular and genetic contents, TEXs are viewed as promising, clinically-relevant surrogates of cancer progression and response to therapy. Preliminary proteomic, genetic and functional profiling of tumor cell-derived or cancer plasmaderived exosomes confirms their unique characteristics. Alterations in protein or nucleic acid profiles of exosomes in plasma of cancer patients responding to therapies appear to correlate with clinical endpoints. However, methods for TEX isolation and separation from the bulk of human plasma-derived exosomes are not yet established and their role as biomarkers remains to be confirmed. Further development and validation of TEXs as noninvasive, liquid equivalents of tumor biopsies are necessary to move this effort forward.
Introduction
Cancer is a major public health problem in the United States and the world. Epidemiological data indicate that one of three women and one in two men in the United States are likely to develop cancer over their lifetime [1] . While the incidence of some cancers, e.g., lung and colorectal cancers, has significantly decreased in recent years, that of the other solid tumors, including melanoma, has increased [2, 3] . Developments in cancer therapies, early cancer diagnosis and general awareness of risk factors for cancer have clearly improved survival. However, there remains an urgent need for the introduction of new more effective and less invasive surrogate markers which could guide early diagnosis, development of therapies, choice of therapeutic strategies for individual patients and accurate estimates of prognosis.
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While numerous disease-related surrogate endpoints exist, including histopathology markers (dysplasia, hyperplasia, carcinoma in situ [CIS] , tumor stage/grade, metastasis), serum biomarkers, such as CEA, PSA, CA-125, or clinical endpoints such as disease-free survival (DFS) or time to progression (TTP), they do not reliably and consistently correlate with each other or with patients' responses to therapy and outcome. There are also mechanistic surrogate endpoints which emerge from pre-clinical studies as potentially promising determinants of molecular signaling that might impact clinical responses or survival. While often featured in the biomarker literature, these mechanistic surrogate markers seldom pass the validation tests performed in sufficiently large cohorts of patients with similar demographic and clinicopathological features. To date, few, if any validated cancer biomarkers predictive of clinical response or outcome have emerged. Biomarkers are also very much needed in the drug development arena, where the time frame for advancing a drug from the research lab to the clinic is estimated at about 15 years, and where a reliable marker could substantially reduce this time frame. Not surprisingly, a search for intermediate cancer biomarkers of response or survival continues at a rapid pace, and in the era of personalized medicine research, there is a great interest in identifying biomarkers of therapeutic outcome or response.
The advent of novel therapies for cancer, specifically immunotherapies [4, 5] has further increased the need for more reliable biomarkers of prognosis and response to therapy. The choice of immune therapies for patients with cancer who are most likely to achieve clinical benefits is largely dependent on the predictive value of the available biomarkers. Unfortunately, these are few and poorly defined, as exemplified, e.g., by variable expression levels on tumor cells of PD-L1, the ligand whose presence has been considered critical for a successful anti-PD-L1 Ab blockade [6] . However, clinical responses to the antibody blockade of PD-L1 do not appear to correlate to the ligand expression levels on the tumor, and the search for other biomarkers of response to this immune therapy continues [7] . Given the largely unfulfilled expectations for the predictive or even diagnostic usefulness of most available cancer biomarkers, the current emphasis on finding and validating biomarkers that would meet the required criteria is a priority.
What should be expected of a cancer biomarker and how can its performance be determined? The so called REMARK criteria have been formulated and are listed in the literature as guidelines for biomarker studies [8] . Briefly, a new biomarker has to be validated in prospective (and not retrospective) studies of adequate size and statistical power. These studies should include a unique cohort of patients in whom the biomarker correlates with disease activity and the known (if any) molecular factors predictive of survival. The biomarker should have a defined molecular mechanism of biological activity, and the data in support of its validity have to be based on thorough specimen collection, assay results confirming specificity, sensitivity, reproducibility, robustness as well as statistical rigor and on a stringent patient follow-up. In addition, the assays for biomarkers to be used clinically should be simple, inexpensive and lend themselves readily to high through-put technologies. These are by no means trivial requirements, and they emphasize the difficulties associated with the field of biomarker discovery.
A great deal of discussion has centered on the usefulness and validity of serum/plasma biomarkers vs tissue biomarkers in cancer [9] . Body fluids are readily available, while human tissue specimens are not, and serial specimens needed for monitoring of responses to therapy are only available by sampling of body fluids. However, only tumor specimens provide accurate information about the tumor microenvironment (TME), and serum/ plasma are much less useful, although ascites, pleural effusions or saliva may be more informative. In this context, the discovery that exosomes present in all body fluids of patients with cancer carry a molecular cargo that reflects the profile of tumor cells and perhaps of other components of the TME has created considerable excitement in the biomarker field.
The objective of this review is to consider the evidence in support of the potential role of tumor-derived exosomes as biomarkers which in the near future might facilitate monitoring of cancer progression and its outcome.
Tetraspanins such as CD9, CD63, CD37, CD53, CD81, CD83 and CD151 are widely used as exosome markers, although exosomes derived from different cell types may carry only some, not all, of these tetraspanins [25] . Exosomes also carry components of the endosomal sorting complex responsible for transport (ESCRT) and various accessory molecules such as ALIX and TSG101 [26] . These are also often used as exosomal markers [26] . The ESCRT complex is involved in sorting of cellular components into exosomes and in exosome release from parental cells [26] . This biogenesis process consists of a coordinated series of steps involving many molecules and is executed by all cells secreting exosomes, as recently reviewed in a greater detail [17] . The mechanistic insights of this process are still being investigated.
The evidence allowing for a distinction to be made between exosomes and microvesicles is muted at best. It remains unclear whether exosomes derived from MVBs or microvesicles formed by "blebbing" of plasma membrane (hence, called ectosomes) carry molecular cargos that are more representative of the parent cell and thus potentially more useful as biomarkers. Further, a possibility of exosome aggregation into larger vesicles or, conversely, microvesicles splitting into smaller vesicles, makes exosome isolation and functional characterization both difficult as well as problematic. Nevertheless, given that exosome biogenesis involves an active rather than passive series of cellular events, it seems reasonable to consider exosomes as preferable "representatives" of a cellular phenotype and genotype of the parent cell. Based on this premise, exosomes are emerging as biomarkers that carry potentially useful information about parental cells.
a. Tumor-derived exosomes
While exosome secretion occurs under physiologic conditions, and all cells are capable of their release, tumor cells are avid exosome producers. This may be because in a hypoxic environment of tumors, stressed tumor cells would be likely to produce more exosomes [27, 28] . Tumor-derived exosomes (TEXs) have been reported to carry a cargo of molecules and factors able to transfer information from the parent tumor cell to other cells present within and outside the tumor microenvironment [29, 30] . TEX appear to have properties distinct from those of exosomes secreted by normal cells and have been reported to mediate immune suppression as well as immune activation [31] [32] [33] . Exosome fractions obtained from plasma of cancer patients are enriched in various immunosuppressive molecules, including death receptor ligands such as FasL, PD-L1, TRAIL and inhibitory cytokines, IL-10 and TGF-β1, as well as well as PGE 2 [34, 35] . In contrast to exosomes derived from normal cells, human tumors produce exosomes that have been shown to induce apoptosis of activated CD8 + T cells, promote differentiation and functions of regulatory T cells (Treg) and interfere with dendritic cell (DC) differentiation, favoring expansion of myeloid-derived suppressor cells (MDSC) [34] [35] [36] . Importantly, in addition to their immunosuppressive cargo, TEX also carry tumor-associated antigens, a variety of co-stimulatory proteins and the MHC molecules, all of which provide them with the capability to stimulate immune responses [33, 37, 38] . The dual signaling capability, both immuno-stimulatory and immunoinhibitory, places TEX in a special category as potential biomarkers of cancer progression and of immune response to the progressing tumor.
In addition to immunomodulation, TEX mediate a variety of pro-tumorigenic effects [39] . They promote tumor growth, sustain autocrine loops and modify functions of stromal cells [39] . Considerable literature exists describing TEX as carriers of oncogenic signals or active oncogenes from tumor to normal cells and supporting the role of TEX in neoplastic transformation [29, [40] [41] [42] . Thus, in their capacity to favor tumor growth, TEX or "oncosomes" may serve as putative diagnostic tools or therapeutic targets.
b. Biological functions of exosomes
Exosomes appear to be involved in a broad variety of biological functions (Table 1) . In fact, various names given to exosomes based on their functions, such as oncosomes, tolerosomes, argosomes, etc.
[40], reflect their involvement in many physiological and pathological events. Exosomes which carry membrane and cytosolic components of the parent cell are excellent vehicles for information transfer. The surface of exosomes is decorated by the parent cell-specific proteins (including various receptors and ligands) as well as endosomederived proteins, exposing these components to the milieu outside the parent cell. This provides a mechanism for exosome interactions with recipient cells [43] [44] [45] [46] . The exosomal cargo components are biologically active, forming molecular arrays which, upon interaction with and transport to the recipient cell, alter its functional attributes [47, 48] Cancer cells actively secrete masses of exosomes that are distributed throughout the body and become a part of the tumor-driven communication network. Table 1 lists functions attributed to tumor-derived exosomes (TEX). TEX can manipulate the tumor microenvironment as well as distant tissue sites to promote tumor progression and tumor metastasis [54, 55] . The participation of exosomes in metastatic niche formation was elegantly demonstrated in vivo by Peinado et al [54] . Exosomes produced by mouse melanoma cells facilitated cancer metastasis by altering the bone marrow milieu and the vascular compartment, preparing or educating tissue sites for acceptance of metastatic cells and promoting their growth [54, 56] . TEX were shown to carry molecules and signals that disable immune cells or cause death of activated immune cells, thus preventing them from exercising antitumor functions and promoting tumor escape from the host immune system [10, 32, 34, 35, [57] [58] [59] [60] . TEX have been shown to participate in angiogenesis [61, 62] , hematopoietic cell development and differentiation [63, 64] as well as resistance of tumor cells to drugs [65, 66] . TEX also modulate various cellular and intercellular signaling pathways that are implicated in cancer promotion, such as the TGF-β, the Wnt-β-catenin and the Notch pathways [63, 64, 67] and the pro-tumorigenic effects of TEX seem to predominate in the tumor microenvironment. Exosome secretion by tumor cells was found to be regulated by the p53 protein [68] and PTEN, which regulates the PI3K-AKT signaling, was found to be carried in TEX and to mediate phosphatase activity in recipient cells [69, 70] . These examples indicate that tumor cells utilize exosomal signaling as a major aspect of protumorigenic intracellular communication.
While TEX are purported to carry information imparted to them by the parent tumor cell to other tumor or normal cells, the composition of this cargo depends on the sorting/packaging machinery (ESCRT) and its accessory molecules [26] . The efficient delivery of this cargo to recipient cells is critical for information transfer. If sorting via the ESCRT pathway in the parental cell is specific, as suggested above, released exosomes are targeted to predetermined cellular destinations [20] . However, an alternative hypothesis, initially formed when exosomes were first described, is that exosomes are simply discarded, unwanted cellular debris [71] . This view of exosomes does not entirely fit with the biological effects they are described to mediate. Biological effects of TEX are orchestrated at the level of recipient cells and appear to specify definite functional alterations that follow exosome transfer and are distinct from those mediated by exosomes produced by normal cells [44, 72] . At present, signals and molecular mechanisms of exosome interactions with various target cells are not entirely clear.
Depending on the nature of the target cell, exosomes may be readily or not so readily internalized. Exosomes can transfer materials to target cells via three ways: receptormediated uptake, direct fusion with cell membrane or phagocytosis [73] . Phagocytic cells, such as macrophages or dendritic cells (DC) rapidly take up exosomes [74] . Other cells, e.g., cultured human brain microvascular endothelial cells co-incubated with green fluorescent protein (GFP)-labeled exosomes, were shown to internalize them readily, so that green nanovesicles were seen in the cytosol within hours of co-culture [44] . But it appears that other cell types, e.g., human lymphocytes, at least resting lymphocytes, do not readily internalize exosomes [Muller L, Whiteside TL, unpublished data]. In T cells, uptake of TEX seems to depend on receptor-mediated uptake as previously reported [75] . Exosomes coincubated with human T cells deliver signals to surface receptors present on the T cells, initiate a Ca 2+ flux and alter expression levels of mRNAs coding for various immunomodulatory proteins, which ultimately results in changes of expression levels in CD69, a surface activation protein, in the recipient cells [76] . Thus, in T cells and other recipient cells, signals delivered by exosomes alter the cellular transcriptome, and these changes have functional consequences after being translated into proteins. Mechanisms responsible for exosome-induced mRNA and protein alterations in recipient cells are only partly understood.
Functions attributed to exosomes are numerous and quite varied. It is unclear whether all or only subsets of TEX mediate these functions. It also seems unlikely that all TEX would be programmed to carry information for all functions listed in Table 1 . Therefore, a hypothesis was introduced in support of selective packaging of information in exosomes and targeted delivery of messages to cells in or outside the tumor microenvironment [24] . In this scenario, exosomes designated to prepare, e.g., a distant lymph node for metastases, would deliver a message distinct from that carried by other TEX. To date, there is no evidence in support of this hypothesis, and multi-functionality of TEX remains an unexplained and somewhat perplexing puzzle. In fact, the actual biological role of the entire exosome system remains unknown.
Methods for exosome isolation
In recent years, many different technologies have been introduced for the isolation of exosomes from supernatants of cultured cells or from body fluids. The lack of consensus for selection of the best method is a major hurdle in exosome research. The proposed methods have been recently comprehensively reviewed, with a detailed commentary on their respective advantages and disadvantages [77] [78] [79] . Most of these methods were developed using exosomes in supernatants of cultured cells. Here, special attention is directed to the methods being developed for the isolation of TEX from body fluids of cancer patients. To be able to utilize exosomes as cancer biomarkers, their origin, morphological integrity, molecular and genetic content and functional attributes have to be preserved, and their recovery devoid of losses due to sample processing. This is a critical aspect of the development that will ultimately determine whether TEX meet the criteria required for cancer biomarkers. With this rationale in mind, TEX isolation assumes a predominant place in the process of biomarker development.
a. Exosome isolation from tumor cell supernatants
Supernatants of tumor cell lines grown in culture are frequently used for exosome isolation, because all exosomes are derived from the same cellular source and because a relatively simple chemical composition of most culture media facilitates isolation of exosomes devoid of 'contaminating' proteins, lipids and sugars. Human or animal sera used as supplements for cell cultures are ultracentrifuged prior to their use to remove "contaminating" extracellular vesicles. Nearly all studies of TEX reported to date in the literature were performed using supernatants of cultured tumor cells, e.g., Kasumi-1 (AML) or PCI-13 (HNSCC) cell lines in the author's laboratory [76, 80] . Supernatants of cell lines undergo differential centrifugation first at low and then higher speeds to remove cell fragments and large EVs. Next, exosomes are pelleted by ultracentrifugation at 100,000×g for 2-3h, resuspended in PBS and prepared for the subsequent enrichment on continuous sucrose density gradients [77] . This method yields single exosomes banding at the sucrose density of 1.13-1.19g/mL [50, 81] . However, low levels of exosome recovery, probably due to a loss of aggregated exosomes, which sediment to the bottom of the gradient, and the low-throughput nature of this methodology limit its utility. This "conventional" isolation procedure has been modified by incorporating ultrafiltration with a 0.22μ filter immediately after differential centrifugation followed by size exclusion chromatography (SEC) on a Sepharose 2B column and then high-speed ultracentrifugation [76] . SEC, first introduced by Taylor et al [82] allows for the recovery of "cleaner" exosomes in the void volume [77] , as unwanted "impurities" elute in later fractions. A more recent modification utilizes mini-SEC columns packed with Sepharose 2BL (the bed volume is 10 mL), which may be homemade [83] or purchased and which isolate morphologically-intact and biologically-active exosomes from supernatants of tumor cells. Mini-SEC columns replace ultracentrifugation with a simple, one-step, highly reproducible scaled-down size-exclusion chromatography, yielding early fractions enriched in exosomes [83] .
b. Isolation of exosomes from body fluids
Exosome isolation from plasma is more complex than that from supernatants of cultured cells. First, plasma contains a mix of exosomes derived from many different cells in varying proportions, so that the source of exosomes present in plasma is unknown. Second, plasma exosomes are 'coated' with proteins, lipids, glycoproteins or glycolipids likely to cause their aggregation and a potential loss upon centrifugation. Third, isolation of exosomes derived from a specific cell type, such as tumor cells, is a considerable problem, because the desired exosomal fraction, e.g., that containing TEX, represents only a small part of the total comprised largely of exosomes originating from erythrocytes and platelets [49, [84] [85] [86] . Therefore, special methods are required for recovery of TEX from body fluids of patients with cancer.
The use of human plasma vs serum for exosome isolation has been a subject of much discussion because of the possibility for exosome losses from sera due to the clot formation. However, in our hands, plasma or serum serve as equally good sources of circulating exosomes based on the recovery, purity, morphology and biological function [76] . Exosome isolation from human fresh vs frozen (after low-speed centrifugation) plasma has also been evaluated [76] . This is an important issue as most exosome studies performed today are retrospective and utilize specimens frozen/thawed for months if not years [84] . Few if any prospective studies of plasma-derived exosomes have been conducted so far because of a need for clinical results to be available for correlations with exosome molecular or functional profiles. However, the use of banked frozen/thawed plasma or serum specimens for exosome isolation presents some problems. When plasma is frozen immediately after low-speed centrifugation, larger vesicles that are left behind as well as some exosomes are disrupted or damaged during freezing and release nucleic acids and proteins. We showed by TEM that even the differentially-centrifuged frozen/thawed plasma contains numerous string-like aggregates, which surround exosomes [76] . Removal of these aggregates by enzymatic treatments with DNAse, RNAse or hyaluronidase in part reduced their presence but tended to aggregate exosomes. Thus, attempts at improving exosome recovery from frozen/thawed plasma specimens by enzymatic treatments were neither productive nor cost effective. Probably, fresh platelet-depleted plasma would be the best source of exosomes for biomarker studies. Frozen plasma centrifuged at low then higher (10,000 × g to 15,000 × g) speeds and ultrafiltrated using a bacterial (0.22μ) filter before banking would be the second best. After thawing of plasma, a second ultrafiltration greatly reduces "contamination" with larger EVs, subcellular fractions, protein aggregates, protein-nucleic acid aggregates or plasma proteins [76] . Differential centrifugation of plasma without ultrafiltration is not adequate for the removal of these "contaminants." After ultrafiltration, the use of abovedescribed mini-SEC columns yields fractions which are highly enriched in relatively "clean" exosomes [83] . Coomassie blue staining of PAGE gels loaded with the min-SEC-isolated plasma-derived exosomes indicated minimal levels of contamination with immunoglobulins [83] . The recovery, quality and functionality of circulating exosomes purified from such plasma or serum specimens were found to be adequate for further exosome characterization [76, 83] .
Once exosomes are isolated, they are either immediately used for studies or stored for future use. In our hands, freezing of freshly isolated exosomes (i.e., after their recovery on mini-SEC columns or by ultracentrifugation) does not alter their morphology and does not seem to impair their function, as also previously reported [87, 88] . The exosome resistance to freezing is probably due to the more balanced surface to volume ratio, as compared to much larger cells or larger vesicles. Thus, if isolated exosomes cannot be used within a few days, they can be aliquoted and stored at −80°C for future use.
There are numerous commercially-available technologies for exosome isolation. They are often designed to monitor either exosomal proteins, lipids or nucleic acids but almost never all of the above simultaneously. These methods do not differentiate exosomes from other EVs. While recovery of nucleic acids from EVs or exosomes appears to be relatively reliable, other components of the exosomal cargo may be readily lost during isolation due to damages of the exosomal membrane or stripping of components by solvents. Some procedures might lead to the concentration of contaminating non-exosomal materials, others might recover only a fraction of total exosomes. These artifacts can skew the molecular profiles of exosomes and obscure their significance as biomarkers. In view of potential isolation artifacts, it is only reasonable to aim for the method that isolates morphologicallyintact, non-aggregated exosomes with the defined diameter of 30-120 nm, that serve as a reliable source of proteins, lipids, and nucleic acids and that mediate expected biological functions. In the author's laboratory, the mini-SEC method was found to measure up to these criteria and, therefore, it is currently used exclusively for exosome isolation and purification from banked specimens of human plasma. These, of course, are total exosome fractions, and further manipulations are necessary to separate exosomes produced by tumor cells from those produced by other, normal cells.
c. Isolation of TEX from plasma of cancer patients
Plasma or other body fluids of patients with cancer contain exosomes produced by tumor cells and by non-tumor, normal cells. To study TEX and confirm their unique molecular and functional properties, it is first necessary to separate them from larger EVs (e.g., by mini-SEC) and then from non-tumor-derived exosomes and to do so without incurring losses in TEX recovery. Studies of exosomes produced by cultured tumor cells showed that molecular profiles of these vesicles are tumor-like and are distinct from those of normal cells [see Table 2 ]. Based on these comparative in vitro data, exosomes circulating in plasma of cancer patients are expected to carry a unique set of membrane-embedded molecules, which mimic those present in the membrane of tumor cells. If this is true, then TEX could be distinguished and separated from non-tumor-derived exosomes in the same plasma by beads charged with antibodies specific for tumor-associated antigens (TAA) carried by TEX [89] . Thus, monoclonal antibodies (mAbs) specific for the TAA expressed or overexpressed on the surface of tumor but not normal cells are necessary for immunocapture of TEX. This will require a judicial selection of mAbs for each tumor type.
As a "proof of principle," an immunoaffinity-based capture method for CD34 + exosomes from plasma of AML patients was developed [80] . Immunocaptured CD34 + exosomes were separated from non-captured CD34 neg exosomes, dissociated from the beads, recovered and analyzed for protein levels, numbers of nanoparticles by NanoSight or q-Nano and morphology by TEM. Their non-captured counterparts were analyzed in parallel. The presence of tetraspanins, used as "markers" of exosomes [25] , and of leukemia-associated antigens or immunoregulatory molecules of interest, such as IL-10, TGF-β, FasL, PD-1, PDL-1, CD39, CD73, HSP70, HSP90 was studied by Western blots. The ability of TEX to suppress immune cell activities was measured in flow cytometry-based functional assays [76, 90, 91] . The recovery of TEX calculated in µg protein/mL of the input plasma varied between AML patients, but was adequate for subsequent analyses by or protein immune arrays or qRT-PCR for selected sets of genes. The studies showed that in CD34 + AML, blast-derived CD34 + exosomes not only carried a distinctive molecular cargo but were also functionally different from non-blast exosomes in assays measuring NK-cell activation [76] .
Immunocapture method can be implemented using several different TAA-reactive mAbs to acquire TEX from plasma of patients with cancer ( Figure 2 ). For example, to capture melanoma TEX, a combination of mAbs recognizing CSGP4, also known as the high molecular weight melanoma associated antigen (HMWMAg), and GM3 mAb recognizing NeuGc ganglioside can be used for capture of TEX [92, 93] . For HNSCC, capture experiments can be performed, e.g., with anti-survivin mAb in combination with PRAMEspecific mAb [94, 95] . Antibodies to EPCAM have been used to capture TEX in plasma of patients with colon carcinoma [96] . While these TAA may be present on non-tumor cells, they are overexpressed in the tumor and presumably are carried by TEX. In attempting immunocapture of TEX from patient's plasma, it is advisable to check by Western blots whether exosomes are strongly positive for a tumor marker of choice.
In plasma of cancer patients, total exosome fractions were found to be significantly enlarged relative to those in NC plasma [76, 90, 91] . This was especially evident in patients with advanced cancers [76] . Not only total protein levels but also the content of TEX in the total exosome fraction based on expression of selected markers might vary depending on the disease stage and therapy used [90] . In situations when cancer therapy is effective, the TEX content might decrease, so that immune capture of TEX gives negative results. Obviously, this is critically important information that impacts significance of TEX as biomarkers of response to therapy. However, to interpret this change correctly, reliable, reproducible and consistent methodology for TEX monitoring has to be in place. Thus, the selection and establishment of methods for TEX isolation is the major barrier in advancing TEX to the biomarker status.
A special advantage of TEX immunocapture is that it provides an opportunity for studies of both TEX and their non-tumor-derived counterparts. This might provide useful insights into changes induced by the tumor or TEX in normal cells present in the tumor microenvironment. It is possible that exosomes produced by normal cells residing in the tumor milieu might prove to be as informative cancer biomarkers as TEX in respect to tumor progression. 
Evaluation of exosome molecular and genetic profiles
Molecular profiling of exosomes or TEX isolated from human body fluids can be accomplished by a variety of methods. Mass spectrometry is favored by many investigators [97] , but, as discussed, it is especially prone to difficulties with plasma-derived exosomes, where "contaminating" plasma proteins might mask genuine exosome-associated components. Removal of "contaminants" with low pH buffers or solvents does not seem to ameliorate the problem and might impair exosome integrity. In our hands, mass spectrometry results of exosome or TEX enzymatic digests were deficient in components which in Western blots and functional assays represent biologically-important exosome cargos. Some of the cargo components that are of special interest such as cytokines or enzymes are not seen by mass spectrometry and may have to be amplified by antibodies to be detected and measured. It appears that proteomics by mass spectrometry may not be the method of choice for the analysis of tumor-associated proteins carried by exosomes isolated from plasma of cancer patients. Many investigators have switched to mass spectrometry of exosomes recovered from urine in order to bypass the problems encountered with profiling of plasma-derived exosomes [98] . The downside of this strategy is that exosomes isolated from urine, having been "filtered" by kidneys may be only partly and not fully representative of the total population of TEX. Ab-based protein arrays or qRT-PCR for mRNA expression levels of selected groups of genes have been successfully used for molecular and genetic profiling of exosomes [44] . The protein arrays are especially appealing because of the signal amplification they offer. The disadvantage is that both these technologies require substantial quantities of exosomes for analysis.
a. Total protein levels of plasma-derived exosomes
Protein levels in total exosome fractions isolated from plasma are significantly higher in patients with cancer than in healthy donors [54, 91] . Determined by the standard protein assays and calculated in µg protein/mL plasma, exosomal protein levels may exceed values of 150µg protein/mL plasma relative to e.g., 10µg protein/mL plasma in NC [91] . Further, protein levels in exosomal fractions isolated from patients with cancer were reported to correlate with disease activity, tumor grade, tumor stage, response to therapy and even survival [54, 90, 91] . In AML patients undergoing standard of care chemotherapy, exosomal protein levels were reduced following induction chemotherapy concomitantly with the blast reduction in the bone marrow [90] . During consolidation therapy with high-dose cytarabine, exosomal protein levels were increased relative to those measured post induction therapy, reaching a mean level similar to that seen at diagnosis in some patients [90] . Exosomal protein levels in plasma of AML patients who achieved long-term remission were not significantly different from those seen with exosomes from plasma of healthy donors [90] . These data suggest that in AML, protein levels of plasma-derived exosomes might serve as a measure of leukemic blast persistence after chemotherapy and potentially as predictors of disease relapse.
In patients with recurrent malignant glioma (n=20) who participated in a phase I/II dendritic cell/peptide-based vaccination trial at the author's institution, protein levels were measured in total exosomal fractions obtained from plasma collected prior to and after vaccination [99]. Exosomal protein levels positively correlated (p<0.0043) with the WHO tumor grade at diagnosis (Figure 3 ). These protein levels rapidly decreased after vaccination, in many albeit not all patients. The observed pre-to post-vaccine decreases in exosomal protein levels correlated with immunological and clinical responses of the patients, an indication that exosomal protein levels might serve as a measure of post-vaccination immune responses and potentially as a predictive marker of clinical response to the vaccine [99] . It should be emphasized that it may not be TEX but rather immune cell-derived exosomes that serve as markers of immune responses to the vaccine.
These two examples added to the data reported by others [54] suggest that a simple measurement of protein content in plasma-derived exosomes might have a predictive value in cancer. Recent data also indicate that not only total protein levels but also the individual protein content in exosomes can provide useful prognostic information. While examining one exosomal protein in lieu of a protein profile appears to be hardly acceptable, in combination with functional analysis it might be informative. For example, TGF-β1, a factor known to inhibit natural killer (NK)-cell cytotoxicity and promote differentiation and expansion of regulatory T cells (Treg), were found to be significantly elevated in exosomes isolated from plasma of AML patients [90] . AML exosomes isolated before, during or after chemotherapy carried different forms of TGF-β1 (pro-peptide, LAP or an active, mature form) in distinctly different proportions. After their solubilization/acidification, these exosomes were shown to contain different levels of active TGF-β1 which down-regulated cytotoxicity mediated by NK cells [90] . These data suggest that TGF-β1 expression levels in exosomes reflect TGF-β1 activation and utilization in AML, directly linking the presence of TGF-β1 + exosomes to immune cell suppression commonly seen in AML [91] . We studied functional relevance of the different forms of TGF-β1 seen in AML exosomes by Western blotting and found that NKG2D down-regulation on NK cells was only mediated by exosomes carrying mature TGF-β1 and that the content of mature TGF-β1 correlated to the degree of suppression these exosomes induced [90] . Alterations in levels of the pro-peptide, LAP and mature TGF-β1 in exosomes during therapy and in remission could influence NKcell functions and/or Treg generation in AML patients. These results illustrate the potential impact of individual exosome components on immune cell functions in AML and thus on disease progression.
b. Protein profiling in plasma-derived exosomes
Given that increased protein levels and the enrichment in physiologically-relevant tumorassociated proteins in circulating exosomes have been reported to correlate with cancer progression and outcome [54,90,100,101], there is a great deal of interest in profiling the molecular content exosomes in plasma of cancer patients. The results of proteomics available in the EXOCarta (now Vesiclepedia) databases indicate that exosomes carry a wide variety of biologically important molecules such as oncogenic proteins, receptors, receptor ligands, enzymes, cytokines and factors modulating cellular behavior [102, 103] . To a large extent, the efforts of cataloguing exosome-associated proteins have been limited to studies of EVs/exosomes isolated from supernatants of tumor cell lines. These studies made no distinction between EVs and exosomes and, as summarized in several recent reviews, the data defining molecular signatures of "tumor-derived exosomes" were obtained by analysis Few reports of proteomics results for EVs/exosomes isolated from plasma of cancer patients are available. Reports on EVs/exosomes isolated from urine are more frequent [98, 105] . Table 3 lists examples of the proteins found in EVs obtained from body fluids of patients with cancer. This is a selected list illustrating the presence of molecules known to be associated with cancer, its progression and/or response to therapy. Their presence in the EV/ exosome cargo implies that these vesicles could play a potential role as cancer biomarkers. It has been suggested that TEX might serve as a "liquid biopsy" that could be non-invasively and repeatedly measured in body fluids of cancer patients without a need for the tumor biopsy [101, 106, 107] . This intriguing concept has yet to be validated by extensive studies of plasma-derived exosomes and the parent tumor cells in situ performed in parallel. Another hypothesis predicts that TEX mimic the molecular content of the parent tumor cell more precisely than do total plasma-derived exosomes. This concept was discussed above and is an important part of ongoing efforts to qualify exosomes as future cancer biomarkers. However, the role of TEX as a more "faithful" molecular surrogates of tumor cells then total EV/exosome fractions remains speculative. Few data are currently available that demonstrate actual application of TEX to diagnosis, prognosis or patient management [90, 99] . To move the field forward, it is necessary to reach a rapid consensus on technical issues surrounding exosome and TEX isolation to be followed by retrospective and then prospective studies correlating TEX with cancer progression and response to therapies. Future studies comparing predictive values of TEX with those of total EV/exosomes in body fluids of cancer patients will determine which population of vesicles is to be considered as a better tumor surrogate and merit further development as a non-invasive cancer biomarker.
c. mRNA and miRNA expression levels in plasma-derived exosomes
The presence in exosome cargo of mRNAs and microRNAs (miRNAs) and their transfer via exosomes to recipient cells was first demonstrated by Valadi and colleagues in 2007 [43] . Since then, numerous reports have confirmed that tumor-derived EVs carried abundant miRNAs also called oncomirs [100, [108] [109] [110] . These small, non-coding RNA molecules were also abundant in EVs/exosomes isolated from plasma or other body fluids of patients with all types of cancer [110] . More recent data show that miRNA content is limited in exosomes and that larger vesicles contain higher miRNA levels [111] . It is now clear that miRNAs delivered to recipient cells regulate gene expression in target cells by either repressing the translation or causing the degradation of multiple-target mRNAs, depending on the cellular context. The horizontal transfer of miRNA to target cells leads to functional alterations with consequences that impact on tumor progression and metastasis [110] . With this in mind, much attention has been given to exosome-bound miRNAs and their potential role as genetic biomarkers of cancer [109] [110] [111] [112] . The data presented in Table 4 indicate that miRNA signatures for EVs/exosomes derived from plasma of patients with different cancers are distinct. However, it has been shown that miRNA signatures in EVs/exosomes do not correspond to those in the parent tumor cells [43, 44, 113] . This suggests that a sorting process in the parent cell selects and actively loads miRNAs into EVs and that miRNA content of EVs is specified by the tumor cell. Further, pre-miRNAs packaged into exosomes can be converted to mature mi-RNAs. Very recent studies show that breast Ca-associated exosomes contain the RISC-Loading Complex which enables them to process pre-miRNAs into mature miRNAs and that the elements necessary for this maturation process, including DICER and CD43 are present in the exosomes [42] . This means that horizontally-transferred cancer exosomes can induce rapid silencing of mRNAs in target cells, re-programming their transcriptome and converting normal epithelial cells to tumor cells in a DICER-dependent manner [42] . Thus, tumor-derived exosomes emerge as pre-programmed carriers of miRNAs, whose profile might provide important insights into the status of the parent cancer cells.
Work by Taylor and Gercel-Taylor identified the first cancer-specific miRNA signature in exosomes derived from plasma of patients with ovarian Ca [100] . In this study, circulating TEX immunocaptured by using anti-EpCAM Abs were shown to carry 8 miRNAs that discriminated ovarian Ca from a benign disease (Table 4) . Similarly, exosomes in plasma of CRC patients carried a distinct miRNA signature [114] . Other studies have shown that exosomes in plasma of certain cancer types, including glioblastoma [44], lung [115] and breast [116] cancers, have distinct miRNA profiles (Table 4) . Specifically, certain miRNA species, such as miR-21, were found to be highly expressed in exosomes from plasma of ovarian Ca, glioblastoma, breast Ca and pancreatic Ca (Table 4) . Further, miR-21 expression levels appeared to correlate with the disease presence, progression and response to therapy [100, 117] . In NSCLC, exosomal miRNA correlated with disease free survival and overall survival [118] . The data regarding unique expression of miRNA in tumor-derived exosomes in different cancers are very promising, but more research is needed to standardize the methodologies and increase the sample sizes in an effort to validate the use of exosomal miRNA signatures as cancer biomarkers. At present, tumor-associated circulating miRNAs in plasma seem to be more widely evaluated as promising cancer biomarkers than exosomal miRNAs.
Less is known about the importance of exosomal mRNA as a potential biomarker of the cancer presence or progression. Skog et al reported that exosomes derived from clinical glioblastoma (GBM) samples contained over 4,700 distinct mRNA species and provided evidence for possible selective packaging of mRNA within exosomes, as also discussed above [44]. Hong et al detected over 11,000 distinct mRNAs in exosomes derived from supernatants of colorectal cell line SW480 [119] . Although less abundant than miRNAs, many of the mRNAs carried by exosomes are known to be involved in critical cellular activities such as cell cycle regulation, cell division, chromosome segregation, migration and angiogenesis [44, 119] . Importantly, in several of the GBM patients, exosomes carried mRNA for the mutant version of EGFR, EGFRvIII, suggesting that exosomes in patients' plasma might serve as biomarkers for non-invasive detection of glioblastoma [44] . Our own recent data with exosomes isolated from the pre-post vaccination plasma of patients with gliomas in the phase I/II clinical trial mentioned above showed that: (a) exosome fractions yielded sufficient mRNA for qRT-PCR to measure expression levels of 24 immunoregulatory genes in paired pre-post vaccine exosomes; (b) a significant decrease after vaccination in expression levels of 4 genes seen in exosomes from many albeit not all patients; and (c) the down-regulated genes (IL-8, TGF-β, TIMP-1 and ZAP70) are known to be related to angiogenesis, immune regulation and clinical outcome in gliomas [99] . These changes discriminated immunological responders from non-responders to the vaccine. Further, the observed changes in mRNA expression levels of the four genes were related to clinical responses, as 3 patients who responded immunologically to the vaccine are still alive at 64 months after vaccination. When the hazard ratios for the 4 genes were calculated, only ΔCt for IL-8 expression showed trend toward significance at the HR = 1.56 with p<0.070 for overall survival and HR = 1.48 with p<0.057 for time to progression [99] . Overall, this small retrospective study showed that the assessment of mRNA expression levels in exosomes isolated from plasma of glioma patients receiving immune-based therapy was worthwhile.
Ours was the first study in which protein and mRNA expression levels for immune-related genes in plasma exosomes were shown to correlate with glioma patients' response to vaccination therapy [99] . This confirmed the potential usefulness of exosomes as predictors of clinical and immunological responses to the vaccine in patients with advanced glioma despite the fact that total exosomal fractions rather than TEX were evaluated in this study. More extensive examination of transcripts carried by TEX in cancer patients undergoing immune therapies seems to be the next step in the development of exosomal mRNA profiles as surrogates of response.
TEX as markers of anti-tumor immune responses
Immune cell dysfunction is commonly seen in patients with cancer, and it is magnified as cancer progresses [120] . Human tumors use a variety of strategies to protect themselves from immune intervention by the host, executing a tumor escape [121] . This process of tumor escape characterizes all human malignancies, although the mechanisms tumors employ to implement it may vary [120, 121] . We and others have shown that circulating exosomes of patients with cancer carry a variety of immunosuppressive molecules, including FasL, TGF-β, IL-10, TRAIL, PGE 2 , the checkpoint inhibitory receptors and their ligands as well as enzymes responsible for adenosine production [35, 91, 122, 123] . Because of this cargo, tumor-derived exosomes exert profound inhibitory effects on anti-tumor immunity in patients with cancer [120, 124] . TEX not only directly interfere with anti-tumor functions of T cells and NK cells, they also promote differentiation and proliferation of Treg and MDSC [35, 91, [125] [126] [127] . We have suggested that the TEX immunosuppressive profile could serve as a measure of tumor-induced immune dysfunction and tumor progression. This rationale is based on recent data indicating that the extent of immune dysfunction in cancer reflects tumor progression and correlates with outcome [5, 128] . If so, then TEX could serve as surrogate markers of immune dysfunction in cancer and, by extension, of unfavorable prognosis. Also, a change to a less immunosuppressive profile in TEX could serve as a measure of response to therapy. We are testing this concept using exosomes isolated from plasma of patients with AML, melanoma and HNSCC. Our preliminary unpublished data suggest that the presence of immunosuppressive proteins in TEX correlates with clinical endpoints and response to therapy.
Expert commentary
Tumor-derived exosomes (also called TEX), present in all body fluids of patients with cancer, are currently considered as potentially promising candidates for a new class of biomarkers for diagnosis, prognosis and therapeutic responses in cancer. As the knowledge of biogenesis, molecular content and biological attributes of exosomes and TEX increases, so does the interest in their potential as cancer biomarkers. There are compelling reasons for this interest. The field of oncology has been in need of biomarkers that could fulfill the criteria not only for assay specificity, sensitivity, precision, reproducibility or robustness, but above all, for clinical relevance. The rapid development of new cancer drugs in the last decade requires reliable surrogate markers for guidance. As new therapeutic options are being offered to cancer patients, selection of those who are likely to benefit from therapy becomes a key issue. The ability to predict outcome and evaluate response to therapy are necessary for clinicians to optimize drug delivery. Whether exosomes or TEX, emerging as novel and promising biomarkers can satisfy these various requirements is speculative at best.
Applications of TEX analysis to diagnosis, monitoring, prognosis or response to therapy in cancer are rare. Nevertheless, exosomes, and especially TEX, present an attractive alternative to the existing cancer biomarkers and are moving to the forefront of biomarker discovery efforts. TEX are ubiquitous, enriched in body fluids of cancer patients relative to healthy controls, membrane bound with the content that is not vulnerable to degradation and mimics that of parent tumor cells. They are stable and small enough to cross the blood-brain barrier. The cargo of TEX comprising proteins, lipids, glycans and nucleic acids (both DNAs and RNAs) allows for monitoring of their molecular or genetic profiles and for establishing tumor-specific signatures. TEX have the potential of serving as a "liquid biopsy" which can be non-invasively and repeatedly acquired and studied in the course of disease or therapy, thereby eliminating the need for a surgical or needle tumor biopsy. Another advantage is that TEX carry biologically-active components, including enzymes, ligands and soluble factors, which make it possible to in vitro or in vivo study TEX for effects they (and by extension parent tumor cells) mediate upon interacting with target cells. Perhaps of greatest interest, however, are reports that signatures of exosomes in cancer patients' body fluids change to inform about the presence of disease, its progression and response to therapy as well as outcome. These reports are largely retrospective, are few in number and obtained with small patient cohorts. Nevertheless, they raise hope for establishing exosomes as future cancer biomarkers.
Although the advantages offered by exosomes are unique and in many respects exceed the attributes of conventional circulating cancer biomarkers, there are also problems with exosomes, and especially with TEX. Chief among these problems is the heterogeneity of EVs in the body fluids of cancer patients. Exosomes are arbitrarily defined based on their size, cellular origin and functional properties as a subset of EVs. TEX are a subpopulation of exosomes released by tumor cells. The lack of established methods for separation of exosomes from EVs and for isolation of TEX is the second major barrier. As a result, the identity of EV populations evaluated in various studies remains elusive, and the available data do not discriminate TEX from other EVs. It is unclear whether TEX upon their isolation from plasma will be better or worse biomarkers than total plasma EVs. Also, it is not at all clear which of the multiple exosome components or signatures (i.e., the molecular genetic or functional signature) reported in the literature is likely to correlate better with clinical endpoints or prognosis. These barriers have to be eliminated before any significant progress can be made in developing exosomes as cancer biomarkers. As for TEX, providing they will pass the initial test for representing the tumor better than total exosome fractions or EVs, validation of their status as a "liquid tumor biopsy" will require laborious comparisons with relevant tumors in situ. Many hurdles will have to be overcome before exosomes or TEX will be ready for prime time as cancer biomarkers. Nevertheless, the available data suggest that efforts required for further development and validation of exosome-based strategies may be worthwhile.
Five year view
The last five years have seen a remarkable and rapid progress in bringing TEX to the attention of the scientific and clinical communities. Although few in numbers, results linking molecular or genetic profiles of TEX with prognosis and response to therapy are promising. There is little doubt that further development will extend and strengthen the existing evidence in favor of exosomes, including TEX. A consensus regarding methods for the isolation and characterization of these nanovesicles from cancer patients' body fluids is likely to provide a novel, more effective, efficient and high-throughput platform for measuring exosomes in patient's plasma. The concept of TEX as a "liquid biopsy' will be extensively investigated. Prospective clinical trials will test the predictive role of TEX in cancer. Advantages will be taken of TEX abilities to suppress or activate immune cells in order to gage the potential of the tumor to modulate the immune system. With the improved understanding of the role exosomes play in the entire process of carcinogenesis, assays will be developed to interrogate the TEX potential to regulate all of the pathways that lead to tumor progression, including growth, migration, angiogenesis, silencing of immune antitumor responses, metastasis and oncogenic transformation. This will require numerous technical innovations and rigorous clinical testing. However, at the end of the rainbow will be a highly sophisticated, biologically-and clinically-sound approach to using tumorderived exosomes as surrogate markers of tumor progression, outcome and response to therapy that will outpace and replace biomarkers in use today. 
Key Issues
• Exosomes are the smallest type (30-120 nm) of extracellular vesicles (EVs) present in human body fluids.
• Tumor-derived exosomes (TEX), a subset of exosomes, are avidly produced by tumor cells and accumulate in cancer patients' plasma.
• Pre-clinical studies suggest that TEX mediate intercellular communication and are involved in a wide spectrum of other biological activities.
• TEX carry a cargo of proteins, lipids, glycans and nucleic acids, including mRNA, miRNA and DNA, which may be tumor-specific.
• Molecular and genetic components of TEX are biologically active in vitro and in vivo in murine cancer models.
• TEX have a potential of serving as a "liquid biopsy" which can be noninvasively monitored in patient's plasma.
• So far, TEX analysis has not been clinically applied to evaluate prognosis or responses to therapy in cancer.
• The lack of consensus on exosome and TEX isolation methods has been a major barrier in TEX development as cancer biomarkers.
• In the near future, intense efforts will be made to establish the role of TEX as surrogate markers of tumor progression, outcome and response to therapy. Characteristics of exosomes isolated from the supernatant of Kasumi-1 (AML) cell line using differential centrifugation, ultrafiltration, size-exclusion chromatography and ultracentrifugation were studied. In A, following ultracentrifugation, exosomes were floated on a continuous sucrose density gradient, and the collected gradient fractions were tested by Western blots for CD34 and CD81. CD34+ and CD81+ exosomes were recovered at the sucrose density of 1.10-1.14 g/mL. In B, transmission electron microscopy of negativelystained Kasumi-1 exosomes. In C, Western blots of Kasumi-1 exosomes (Kas) and exosomes isolated from plasma of a normal donor (NC The strategy for isolation of TEX from plasma of a patient with cancer. Initially, a one-step mini-SEC is used to isolate total plasma exosomes. Next, TEX are captured on mAb-coated magnetic beads. The mAb selected for immune capture of TEX is specific for a tumorassociated antigen (TAA) overexpressed on tumor cells. Captured TEX are eluted from beads using acidified buffer. Following capture and elution, TEX retain morphologic integrity and mediate biological functions [83] . Protein content (normalized to µg/mL plasma) of exosomes isolated from plasma specimens of patients with glioma by differential centrifugation, ultrafiltration, SEC and ultracentrifugation. In A, mean protein levels are higher in patients than NC. In B, patients with stage IV disease have higher protein levels in exosome fractions than those with stage III disease. In C, protein levels in exosomes isolated prior to and after vaccination with a DC-based peptide vaccine. The data shown in A, B and C are reproduced from Muller L, Muller-Haegele S, Mitsuhashi M, Gooding W, Okada H, Whiteside TL, Exosomes isolated from plasma of glioma patients enrolled in a vaccination trial reflect anti-tumor immune activity and might predict survival, Oncoimmunology, 4 (6), e1008347 (2015) [99] 
